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SUMMARY 

On the basis of linearized supersonic-flow theory, the theoretical 
spanwise distributions of circulation (which are proportional to the 
span load distributions) resulting from constant angle of attack, 
steady rolling velocity, steady pitching velocity, and constant verti- 
cal acceleration were calculated for a series of thin, sweptback, 
tapered wings with streamwise tips. The analysis is valid at those 
speeds for which the wing is wholly contained between the Mach cones 
springing from the wing apex and the trailing edge of the root section, 
that is, subsonic leading edges and supersonic trailing edges. An 
added restriction is that the Mach cones emanating from the leading 
edges of the wing tips must not intersect on the wing. 

Formulas for the spanwise distributions of circulation are given 
in closed form.  Numerical results are presented as a series of design 
charts from which the desired loading may be obtained for given values 
of aspect ratio, taper ratio, Mach number, and leading-edge sweepback. 
The axis of pitch is taken at the wing apex although, by use of the cal- 
culated results and a simple transformation, span load distributions for 
steady pitching velocity may be readily obtained for arbitrary location 
of the pitch axis.  Variations of the spanwise distributions of circula- 
tion with the various plan-form parameters, Mach number, and axis-of- 
pitch location are also presented for illustrative purposes. 
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INTRODUCTION 

A knowledge of the spanwise loading or spanwise distribution of 
circulation (which is proportional to the spanwise loading).is of great 
value in solving aerodynamic problems and performing aerodynamic calcu- 
lations.  For example, it has been shown that the upwash and sidewash 
downstream of an airfoil are largely determined by the spanwise circu- 
lation except in the region directly behind the trailing edge.  In addi- 
tion to the estimation of flow fields and evaluation of forces and 
moments on the surface itself, the spanwise distribution of circulation 
may also be applied to problems in aerodynamic loads and aeroelasticity. 
In view of these considerations, a series of charts giving the spanwise 
distributions of circulation for a variety of wing plan forms at various 
Mach numbers will serve many useful purposes. 

The present paper considers the spanwise distributions of circula- 
tion resulting from a constant angle of attack, a constant rate of roll, 
a constant rate of pitch, and constant vertical acceleration for a series 
of sweptback tapered wings with streamwise tips, subsonic leading edges, 
and supersonic trailing edges.  Reference 1 treats the first three 
motions mentioned above for the same general class of wings but at Mach 
numbers for which both the leading and trailing edges are supersonic. 
It may be noted at this point that within the limits of linearized theory 
as used herein, the analyses for constant rate of roll and constant rate 
of pitch are applicable to wings with linear lateral twist and linear 
camber, respectively. 

The results of the analysis are given in the form of equations for 
the spanwise distributions of circulation.  (For the case of steady 
pitching velocity, the axis of pitch is taken at the wing apex.) A 
series of design charts permitting the rapid estimation of spanwise 
circulation for a wing with given aspect ratio, taper ratio, leading- 
edge sweepback, and Mach number are presented.  By use of the calculated 
results in conjunction with a transformation formula, the spanwise dis- 
tribution of circulation due to steady pitching velocity with arbitrary 
axis of pitch may readily be obtained.  Some illustrative variations of 
the spanwise distributions of circulation with the various wing para- 
meters, Mach number, and axis-of-pitch location are also included. 

SYMBOLS 

x, y     Cartesian coordinates (see fig. l) 

cr      root chord 
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b span 

X taper ratio (ratio of tip chord to root chord) 

A angle of sweepback of leading edge 

e semiapex angle 

2cr(x.2 + X +  l) 
c       mean aerodynamic chord,   ^  

3(1 + X) 

c        chord at spanwise station y 

S        wine; area 

aspect ratio,  — = -.—  . '   s    (1 + xy 

m = cot A = tan e 

\i Mach angle 
f 

M       Mach number 

B cotangent of the Mach angle, yM - 1 

0 disturbance velocity potential on upper surface 

X value of 0 for unit angle of attack 

V free-stream velocity 

p density 

AP pressure difference between upper and lower surfaces, positive 
in sense of lift 

AC-,-, pressure-difference coefficient,  AP 
P IpV2 

a angle of attack, radian measure 

p rate of roll, radian measure 
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q       rate of pitch, radian measure 

ä       rate of change of a with time 

t       time 

v TXTE 
T       circulation at any spanwise station y, j-  I ACp dx 

XLE 

*1> ^2   components of circulation due to constant vertical accelera- 
tion,  r = r, + ?2 

c,       section lift coefficient 

CC7      spanwise loading parameter 

y±       spanwise coordinate of intersection of Mach line emanating 
from wing tip with wing trailing edge (see fig. 2) 

-2-[ÄB(1 + \)  -  i+Bm(l - X)~| + it-Em 
K = 

XTE    =  b/2L J  
Bb/2 AB(Bm)(l + X) 

x        distance from apex to center of pressure due to angle of 

(Cffl4 attack,  -c -* '-£■ 
CL 

d       . distance from apex to assumed center-of-gravity location 

xsm      static margin,  x - d 

CT       lift-curve slope, /-— ^  

; a—K) 

o~ Pitching moment due to angle of attack 

2 '*_><> 

\jl  - (fim)' 
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F1(Bm)   complete elliptic integral of first kind with modulus k, 

 dz  

VI - k2sin2z 

E'(Bm)   complete elliptic integral of second kind with modulus k, 
Pit/2,  
/   ul - k^sin^z dz 

J0 

E"(Bm) 
E'(Bm) 

l(Bm) = 2(l - B2m2) _^ 

(2 - B2m2)E'(Bm) - B2m2F'(Bm) 

G(Bm) =    X - BV  
(l - 2B2m )E'(Bm) + B2m2F'(Bm) 

Subscripts: 

LE       leading edge 

TE       trailing edge 

ML      Mach line from leading edge of tip 

ex      wing region external to Mach cone from leading edge of tip 
(see fig. 2) 

in      wing region internal to Mach cone from leading edge of tip 
(see fig. 2) 

q pitching 

a angle of attack 

a pitching about apex 

d pitching about assumed center-of-gravity location 



NÄCA TN 2831 

ANALYSIS 

Scope 

The sweptback wings considered in this paper are sketched in 
figure 1.  The system of coordinates, wing parameters, and associated 
data used in the analysis are indicated in figures 1 and 2.  For the 
motions analyzed, the results are the same to the first order in a 
(the angle of attack) in both the axes system used herein and the sta- 
bility axes system.  The analysis is based on linearized supersonic-flow 
theory and is limited to nonsideslipping streamwise-tip wings of vanish- 
ingly small thickness that have zero camber. 

The results are valid for a range of supersonic speeds for which 
the leading edge is subsonic and the trailing edge supersonic (i.e., 
the wing is wholly contained between the Mach cones springing from the 
wing apex and the trailing edge of the root section). An added restric- 
tion is that the Mach cones emanating from the leading edge of the wing 
tips may not intersect on the wing.  These conditions expressed mathe- 
matically as restrictions on the parameter B cot A are as follows: 

> For BA(1 + X)   ^ 2 

 EA(1 + *■)  ^ B cot A ^ 1 
BA(I + x)  + Mi - *■) 

and for BA(l + X) <  2 

 EA(1 .+ X)  <BcotA<      BAfl + X) 
BA(1 + X)   +  k(l -  X) k -  BA(1 + X) 

Basic Considerations 

The evaluation of spanwise loadings generally requires a knowledge 
of the pressure difference between the upper and lower surfaces of the 
wing.  The distribution of circulation along the span is related to the 
spanwise loading parameter and pressure-difference coefficient as 
follows: 

(1) 
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The spanwise distribution of circulation F    is used throughout the 
remainder of this paper instead of the spanwise loading parameter. 

Inasmuch as the spanwise distribution of circulation is symmetrical 
about the root section for angle of attack, pitching, and vertical 
acceleration and is antisymmetrical for rolling, it is necessary to work 
with only one half-wing.  Accordingly, the right half-wing has been 
chosen (see fig. 2).  The half-wing is divided into two regions:  one 
region external to the Mach cone springing from the leading edge of the 
tip and the other region internal to this Mach cone.  Use of equation (l) 
yields the following expression for the circulation function r (refer 
to fig. 2 for appropriate regions on the wing and limits of integration): 

For 0 ^ y ^ y- 

f = r: 
TE 

"LE 

(^CP) dx 
ex 

(2) 

and for y. < y = — J1  J  2 

V 

dx + 
ex 

dx 
m 

(3) 

or 

ex 
dx + 20^ in 

*EE 

*KL 

W 

The functions ^ACp\  , (ACpV ,  and 0in may be obtained from 

or by use of previously published reports.  Reference 2 presents the 
pressure-difference coefficients for the various- wing motions that are 
valid for the "external" wing region.  All expressions for /ACp^ 

used in the subsequent derivations are obtained from this source. 
Reference 3 presents approximate expressions for Mm and 0^ in 
for the cases of constant angle of attack and steady rolling velocity; 
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reference k  gives these same functions for steady pitching velocity. 
For the case of constant vertical acceleration, (^p) n 

is obtained 

by use of reference 5 in conjunction with the results given in refer- 
ences 3j ^,   and 6. 

Substituting the appropriate expressions into equations (2) to (4) 
and performing the indicated operations yields the formulas for r. It 
should be noted that 0±n    and (ACpV  as derived in references 3 and k 

are approximate. As discussed in these references, the results obtained 
by their use are felt to be sufficiently accurate for most practical 
purposes. 

Derivation of Expressions for Spanwise Distributions of Circulation 

Constant angle of attack.- For the case of constant angle of 
attack, 

(ACp) ex 
4maE"(Bm) /,-\ 

A.     -  2Va I2(y  + mx)(b - 2y) (6) 

^in " « V     1 + Bm K   ' 

After substitution of these values into equations (2) and (k),   integra- 
tion, and substitution of the limits of integration (see fig. 2), the 
following formulas are obtained: 

For 0 < y < y± 

b/2  b/2 

-L= 2E"(Bm)./(BmK)2 - /-*-) (7) 
Vc& V        V2/ 

■ J 
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and for ' — < -2- H  1 
b/2  b/2 

Vai 
= 2 

b/2 [(rMi^tM 
1 + Bm 

(1 + Bm)E"(Bm) 

«V      1 + Bm 
(8) 

Steady rolling velocity.- For steady rolling velocity, 

(ACp) 2m^pl(Bm)     xy 
ex i m x - y2 

(9) 

fli,  - p 2y(2Bm + 1) -f b(Bm + 1) - 2mx [Z 77" —    ,  . 
Pin - — —  ^2(y + mx)(b - 2y)    (10) 

Substituting these values into equations (2) and (k)  and integrating 
between the proper limits yields: 

For  o <  y < yi 
b/2  b/2 

b\2 ii) - ^h2 - fe): 
(ID 
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and for — < -Z— =  1 
b/2  b/2 

r '(l" M 1 + -i- + Bmfl b/2 b/2)j 

1 + Bin 

-(3Bm + 1) 
8_ b/2v 

3« .  1 + Bm 

l(Bm)—(1 + Bm) 
b/2 

I 7^(2Bm + 1) + (Bm + 1) - BmK 

(1 + Bm) 3/2 

(12) 

Steady pitching velocity.- For steady pitching velocity, 

,2~ 

(ACp) 
ex 

4qmG(Bm) 

V 

(-) \mx/ 

\F& 
(13) 

0i m 
i«( 3nU + Bm )3/2 [ 2(3 + 2Bm)x + EB^y - 

>]/ bB(l + Bm)    ,/2(mx + y)(b -  2y) (14) 

Using these values in equations (2) and (k),   integrating, and sub- 
stituting the limits of integration gives the following: 

For    0^y    <yi 

b/2      b/2 

B© jk ■ ^s-* \/(MC)2 -$$ (15) 
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and for    -i- •< -2_ = 1 
b/2      b/2 

2    * 

^H1"^1-*) 1+ Bm/l- -X-\ 
\      b/2; 

G(Bm) 

1 + Bm Bm 

(3 + 2Bm)[l + Bm/l £ £ 
3it(l + Bm) Bm 

+ Bm-^    (1 + Bm) 
b/2 

8 

3*(.1+ Bm) 
3/2 

(3+2Bm)K + Bm—-(1+Bm)      /[BmK+ 
b/2 ihäf-ä 

(16) 

Constant vertical acceleration.-  For constant vertical accelera- 
tion,   the expression for    ACp    for the external region is  given by 

(ACp) 

x 

= z2_{M2mG(Bm)  -i 
\JDX) M^mxE"(Bm) 

ex      VB£ 

1 - W \mxj f( mx/ 

i\M mxE"(Bm). /l - f^-)2^ 
mx/ (17) 

From the discussion presented on pages 3 and k  of reference 5, the 
pressure difference at time t = 0 for the angle of attack at is 

AP = ^ 
B' 
^M2(AP)q=1 - ^(AP)a=1 - 2pX (18) 
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Hence 

ACT M' X^U - ¥(^ki 2 V 
(19) 

where the subscripts q=l and a=l refer to unit pitching velocity and 
unit angle of attack, respectively (see ref. 5)- It is to be noted that 
(ACp)    and (ACpJ    for the internal region may be obtained directly 

by substituting the values q, = 1 and a = 1 into the appropriate 
expressions for the pressure coefficient given in reference k  and that 
the expression for X is given in reference 6.  The right-hand side 
of equation (19) is then readily evaluated as follows: 

(ACP) 
to •a 

in      VB2 
M2[_6m(3 + 2Bm)   +  (12 + 8Bm + 2B2m2)y - Bmb(l + BmJ/g " y 

3«(l + Bm)3/2 imx + y 

2M2; mx 

it    w(l + Bm)(mx + y) 

[mx + y >(! - y) 

1 + Bm 
(.20) 

Substituting these expressions  for    ACp     (eqs.   (17)  and  (20))   into 
equations  (2)  and  (3)  and performing the indicated operations  results  in 
the following formulas  for    T: 

For    O^i^ZL     . 
b/2      b/2 

f = f J(B2 + l)G(Bm)(|)2K jBrnK)2 -   (^ - 

E"(Bm) 1 + iWf^S) 2      B%2 
+■ —— cosh x' 

2Bm 
fBmfO 

Vb/2/ 

(21) 
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and for    5^_ < _Z_ H 1 
b/2      b/2 

r = f < (Bd  +  l)G(Bm)   - (S- +  l)E"(Bm) m)J 
1 + Bm C1 - Ä). 

Bm 
1 + JL + Brnfl  - -f-Wl - -^-Vl + Bm)   - 

b/2 ^       b/2/ \        b/2/ 

B2,P 
y^"(Bm)cosh"1 

2Bm 

1 + Bm fi - V) \        V2/ 
y 

b/2 

3itBm 

ä /b\ 
Bm\2/ 

2    /l 
b/2 

f(l + Bm) (t< B
2m2K + B2m2— + 2BmK + 

b/2 

2Bm-v- + 2-X- - Bm - B2m2 
b/2   b/2 )•!(■ B

2m2-^ - B2m2K - B^mc - Bm ] R2m2 BmK 
b/2 

tf 
1 + ^ + Bm(l - ^ y 

b72 
2B/I + Bm + -4r^ + IIB^2-^- - B2m2 - Bm 

b/2/  B\   t/2 
(22) 

In the foregoing equations,  r is seen to be a function of B as 

well as the parameters K,  BEL, and -^— that appear in the previous 
b/2 

formulas.  In order to facilitate the calculation and plotting of design 
charts, equations (21) and (22) have each been divided into two compo- 

Brl     ^    r2 nents  ±-^    and , „         .  so as to reduce the number of independent 
cc(b/2)2      Ba(b/2)2 

parameters.  The circulation r is then obtained by adding T  and T„ 

(i.e.,  f = Pi + T2)-     The components are given as follows: 

For o^^-^^L 
b/2  b/2 

Brn 

i(b/2)< 
= K /(BmK)2 - ^j   J2G(Bm) - 2E"(Bm)] (23) 
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Bi(b/2)2 
K   /(BmK)2 -  fJLY^Bm)   - E"(Bm)] 

E"(Bm)W^-   cosh-V^ (24) 

and for    %- < -Z- ^ 1 
b/2      b/2 

Bfn 

i(b/2)J b/2  3^(1 + Bm)3/2    IV b/2 
Bm/1 r$ 

1 - BmK + 2   /l + -i- + Bm 
V b/2 

(l - —Vl + Bm - Bm-4-K 
(     b/2Jl b/2jr 

/(Bm + 1) 1 + -£- + Bm/l 
b/2 \ b/2y 

1 + »ft - jfe 
Bm 

2G(Bm)  - 

2E"(Bm) (25) 
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y_Z£_J\/ BmK + 

Ba(b/2)2      Bm(l + Bm)3/2 

b/2 
3« 

BmK(2 + Bm) 

\        b/2/ b/2 J 

,/l + -2L + Bm/l 
*/2 

2/1 + Bm + -2L\ 

3« 
b/2/ 

(Bm +  l)2/l + Bm - Bm-U^'W  "  ^M 
'      ■ b/2J 8 

E"(Bm)/JL\  cosh-l 
Bm    \b/2J 

1 + Bm 
(^ 
y 

b/2 

(26) 

RESULTS AND DISCUSSION 

The foregoing analysis has enabled the evaluation of the spanwise 
distributions of circulation for sweptback wings of arbitrary aspect 
ratio and taper ratio at supersonic speeds for which the wing leading 
edge is subsonic and the wing trailing edge supersonic.  The wing tips 
are parallel to the free-stream direction of flow (herein termed stream- 
wise tips) and the permissible combinations of plan form and Mach number 
exclude the situation where the Mach cones emanating from the leading 
edge of the wing tips intersect on the wing itself.  The types of wing 
motions considered and the resulting equations for the spanwise distri- 
butions of circulation may be summarized as follows: 

Equations 

Constant angle of attack  (7) and (8) 
Steady rate of roll  (11) and (12) 
Steady rate of pitch  (15) and (l6) 
Constant vertical acceleration   (23) to (26) 
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y 
These equations are seen to be functions of the parameters -£-, 

y 
Bm, and K.  The parameter K is in turn a function of —:i—, AB,  Bm, 

b/2 
and \.     Thus generalized curves of the spanwise distributions of circu- 
lation may be readily computed by considering different combinations of 
the parameters AB,  Bm, and X,. Values of the elliptic functions E"(Bm), 
G(Bm), and l(Bm)  that appear in the equations for the spanwise distri- 
butions of circulation have been calculated and are presented in figure 3- 
The mathematical restrictions governing the permissible combinations of 
the parameters are given in the section of this paper entitled "Scope." 

Calculations have been made for values of AB from 2 to 20, 
for X =  0, O.25, 0.50, 0.75, and 1.00, and for appropriate values of Bm. 
Results of the numerical calculations have been prepared in the form of 
design charts.  The curves of spanwise distributions of circulation due 
to constant angle of attack are shown in figures h  to 9 and- an index to 
these figures is given in table I.  Analogous results for steady rolling 
velocity, steady pitching velocity, and constant vertical acceleration 
are shown in figures 10 to I5, l6to 21, and 22 to 27, respectively. 
Indexes to these figures are given in tables II, III, and IV,. respectively. 

It will be noted that in all cases for a finite taper ratio there 
is a more or less abrupt change in slope at the spanwise station y^ 

where the tip Mach cone intersects the wing trailing edge.  This dis- 
continuity in slope is due to the abrupt change in pressures across the 
Wach cone boundary (see refs. 3? ^, 6, and 7)-  The fact that approximate 
potentials have been used for the tip region is not expected to intro- 
duce any appreciable error in calculations involving the use of these 
circulations.  The curves in figures 16 to 21 are for wings pitching 
about the apex.  The spanwise distribution of circulation for a wing 
pitching about an arbitrary axis located at a distance d from the wing 
apex is 

Na " Na - $■<■ (27) 

where the subscript q indicates the spanwise distribution of circula- 
tion associated with a pitching wing and the subscript a indicates the 
spanwise distribution of circulation associated with a wing at constant 
angle of attack.  It is frequently desirable to perform calculations for 
a given static-margin condition, where static-margin is defined as the 
distance between the center of pressure and the center of gravity 
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(i.e., xsm = x - d).  It can be shown that the distance d is given 

as 

d = - (C%)J 
CL, 

+ X 

'a 
sm (28) 

After substitution of equation (28) into equation (27) and some simpli- 
fication the following expression is obtained: 

Bq(b/2)2 

d  L 
Bq(b/2)< 

8( 1 + \ + #) 
La 

3AB(1 + \)2    Va"/2 

(^) a  ^sm _ +   

-■a 

(29) 

Values  of    C™      and    CL      may be  obtained from references 2 to k. ja 

Charts   for 
Bq(b/2)2 

are given in figures  l6 to 21   (labeled     
\       B(b/2)2, 

and charts for a are given in figures k  to 9 (labeled  ■ 
Vab/2 y       Vab/2 

The distribution of circulation along the span for a wing pitching about 
an arbitrary axis may thus readily be obtained by use of equation (29) 
in conjunction with the charts presented in this paper. 

Some illustrative curves showing the variation of the spanwise 
distribution of circulation for wings at constant angle of attack with 
Mach number and with various wing parameters — aspect ratio, taper 
ratio, leading-edge sweepback — are shown in figure 28.  Variations of 
spanwise distribution of circulation with these same parameters due to 
steady rolling velocity, steady pitching velocity, and constant vertical 
acceleration are shown in figures 29, 30, and 31, respectively.  In 
figure 30 the values presented were calculated by using equation (27) 
for a center of gravity (i.e., pitching axis) located to give a static 
margin of 0.05c. Variations of the spanwise distribution of circulation 
with the position of axis, of pitch are presented in figure 32.  It is to 
be noted that the spanwise distribution of circulation r due to con- 
stant vertical acceleration (shown in fig. 31) is the sum, 1^ + r2. 
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CONCLUDING REMARKS 

On the basis of linearized supersonic-flow theory, the spanwise 
distributions of circulation resulting from constant angle of attack, 
steady rolling velocity, steady pitching velocity, and constant verti- 
cal acceleration have been calculated for a series of thin, sweptback, 
tapered wings with streamwise tips. 

Results are applicable for a range of supersonic speeds for which 
the wing is wholly contained between the Mach cones springing from the 
wing apex and the trailing edge of the root section, that is, subsonic 
leading edges and supersonic trailing edges. An added restriction 
(which, for practical configurations, materially limits the range of 
Mach numbers for small aspect ratios only) is that the Mach cones ema- 
nating from the leading edge of the wing tips may not intersect on the 
wing. 

Generalized design curves are presented which permit rapid estima- 
tion of the spanwise distributions of circulation resulting from the 
various wing motions for given values of aspect ratio, taper ratio, ' 
Mach number, and leading-edge sweepback.  For illustrative purposes 
some specific variations of the spanwise distributions of circulation 
with the aforementioned parameters and axis-of-pitch location are also 
presented. 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va., September 5, 1952. 
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y = 0 

= t   AB(1 + X)(Bm + 1) - k-Bm 
1  2 AB(1 + X)(Bm + 1) - ^Bm( 1 - X) 

Figure 2.- Sketch of right half-wing showing regions and limits of 
integration for evaluation of span loads. 
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1                1 

0 . i p <t f A 5 ,<f 3 10 
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Figure 3.- Variation of elliptic integral functions with Bm = B cot A. 



NACA TN 2831 27 

-p 
cd 

bO 
Ö 

•A 
> 
Co 

■p 
H 

O 

Ö 
CO 
ft 
to 

CO 

rrt    CO 

<4H 
o 

3 
O 
fH 

•H 
Ü 

CH 
O 

Ö 
o 
•H 
+> 

•H 
U 

-P 
ra 

•H 
O 

-4- 

0) 

ä 
•H 
P-4 



28 NACA'TN 2831 

-p a 
cd 
-p 
m 
Ö 
o 
Ü 

-p 
Co 

CQ 
M 
0 

O 
CH 

Ö     • 
to o 
P( 
CQ     II 

bo ^ 
0 

CM       cd -p 
•rl 

11       a > o 
a    p u 

cd cd 
H P 

—       3 P 
cd       o cd 

—-       U 
•H CH 
o o 

CH <U 
O H 

bO 
Ö C 
O  cd 
•H 
p 

•rl 

p 
CO 
•H 
R 

a; 

bO 
•H 

k -& 

s 



NACA TN 2831 29 

I ^§R§$8 

>, 
^ 

00 

11 

g 
•H 

O 
o 

IA 
m 

hD 
•H 

c ^ 
^ 

s 



30 NACA TN 2831 

-=»■ 

pq 
^^      < 

a 
•H 
-P 
Ö o 
u 

UA 

•H 

k 
-ON 



NACA TW 2831 31 

^ 

  

y <5i 
V 

or» 

z? 

5 
uj   © K*CfäS 

K 

 w"hi i 
""""    'Hi 1*1 

11 

3 

li 
a 
•H 
-P 
Ö 

in 0 

/ ^ S! 

'S" 

0 
1 

^t- 

/ 
w 
•rl 
[in 

|- 

{- 
*n 

* * 

■ 
V \ 1 V A \ 

ssi o CQ "O M" <V2 C5 

d^ 
^ 



32 WACA TN 2831 

0 

cv, 

A / 

<n 

K .fill 
ill <n 

/ill 
lo 

// 

^ |t 

<^ 

44 P \ 
■ —\ » \ ^i 

R       r n\ w 
®\\ IA 

. 

\\— \A \ 

\A A 0 

>> ^ 

II 

g 
•H 
■P 
Ö 
o 

ir\ 

<D 

•H 

S «0 ^> ^ <V> <2> 

c ^ 

:§ 



NACA TN 2831 33 

§   m§    ^ 

N^ 

Tf 
1) 
3 

■ fi 
m •H 

+> 
II c 

0 

S! 0 
1 

^_^ \r\ 
<VH ^-^ <u 

[^ 



3h MC A TF 2831 

M^ 

bD 

3 
•H 
-P 
Ö 
O 
o 

•H 
pH 

L # 
§ 



NACA TN 2831 35 

a 
•H 
-P 
O o 

I 

LT\ 

<U 

•H 

L ̂  § 



36 NACA TN 2831 

ir\ 

pq 
< 

<v 
3 

•H 
■P 
Ö 
O 
o 

ITA 

ÖD 
•H 
Pn 

c. 



NACA TN 2831 37 

H^ 

Tj 
(!) 
Ti • 3 

0 H 
CM U 

Ö 
II O 

o 
PA 
< 1 • 

u^ 
•n> 0) 

u 
bO 
•H 
P>4 

L 41 



38 NACA TW 2831 

CQ  ^K^O^ 
OJ 

p 
ö 
cö 
-p 
Cfl 
Ö 
o 
o 
p 
cö 

CQ 
ÖD 
ß 

ITA 
CJ 

O 
<H 

0 
cd 
PH 1 
CQ 

W 
Ö  . 
o 
CÖ   ,0 

p 
Ö   -H 
o  > 

•H 
P X 

CÖ    O 
iH cd 
3 -P 
O -P 
h cd 

•H 
O <P 

O 

O   OJ 

Ö 
o 

•H 
P 

£1 
•H 
U 
P 
cn 

•H 
« 

1 

VD 

tu 

M 
•H 

k ̂  

^ 



NACA TN 2831 39 

00 

0) 

•H 
-P 
Ö 
o 
o 

0) 
U 

M 
•H 



1*0 WACA TN 2831 

" 

Aj 

i K 

<ci 1 
1 •O 

"^ 

1 ■^ 

\ \\ iT\ 

">r 

A -A \\ k 

S     ic ~iO\ 

§>|\ 
i'A\ 

N 

ÜJ     ^Of^CQ 

\ \ \ \\ 

\\\ V   0 

-4- 

H «i 
-$ 

0) 

B 
•H 
-P 
C o 
o 

U 

bO 
•H 
P>4 

<\? <5> <Q <0 N- <v o 

C 4J 
£ 



6P 
NACA TW 2831 in 

I R^8§ 

II 

m < 

"5" 

g 
•H 
-p 
ß o 
o 

I 

0) 

b0 
•H 
(in 

^ 
^ 

S 



k2 NACA TW 2831 

4 

| 

f 

u 

^oc^ 

\ \A\ 

£ 1 n\\\ 
aj N«^S m 

\\\ 

\\ \ 

o 

<4 

00 

K 

<3 

»O 

^}- 

<T) 

^ 

M ̂  

.    B 
-P 

II Ö 
o 

§   u 
I 

•H 

Q> 
O 00 ^O ^ ^ O 

C. 



NACA TN 2831 h3 

HSk 
TJ 

<1) 
3 • Ö 

a) •H 
+5 

11 Ö 
O 

w 0 
< 

•—-v \r> 
CH 

N * <i> ^ 
■a 

•H 
1^ 

^ 
^ 
§ 



1* MCA TW 2831 

H*   s 

bD 

<D 

a 
•H 
-p 
Ö 
o o 

faD 
•H 

L ■& 

s 



NACA TN 2831 ^5 

<M 

^      § 

<v 
a 

•H 

o o 

MD 

A <1) 

ÖD 
•H 

r ^ 



1+6 NACA TN 2831 

0 

^Vj 

^ 

N 

CO 

•n 

^t 

^ 

"si 

£ Ac^A 
OQ    <3SÖ      N 

\ 
\\ v 0 

H 

IfN 
s 
O 
O 

0) 

•H 

■o ^J- «^ M O 



NACA TN 2831 kl 

' 

CQ    o>§ 

■ 

o 

CSi 

^o 

N 

<0 

•r» 

> 

°o 

°M 

o 
CVJ 

^ * 3 <5 

H 
H 
o 
O 

I 

vo 

hO 
•H 

^ N- °^ M o 

C. 4* 
5 



U8 NACA TN 2831 

H 
-A 

1 

1 

1 
\ 

\ 
\ 

\ \v 

§> 

^2 SP ^ ^ N- Q) 

<*> 

«0 

-Z.J 

■p 
0 
CO 
•p 
00 
Ö 
0 
0 

-p 
cd 

K CQ 

bD 
Ö 

•H 
> 
U 
O 

^ 
_ O 
CO     • 
ft 0 
03 

II 

«o O 

^ 
^ 

OJ 

II 

H   _ 
cd .d 

-P 
Ö  -H 
0 > 

^ 5! 

c
i
r
c
u
l
a
t
i
 

f 
a
t
t
a
c
k
 

^ 
t
i
o
n
 
of
 

an
gl
e 

0 

N 
3 
•H 

03 
•rl 
P 

* 

<U 

0 •H 
P-4 

c ̂  
£ 



NACA TN 2831 h9 

4 

' 

l\ 
\ 5]    KCO^CS \ \ 

il\ 
Wl, ,.,.,.,4,,-    .„,.,-J- I 

\i\ \ 

\\ V 
\\ 
\\ 
\\ 

\\ V \ 

Y \\ \ 
N 5V 2 ^ ) QC ) ^C \ ^ <\ 1 

Ci 

Cä 

«o 

K. 

«to 

*o 

> 

<^ 

^ 

H^ 
.    3 

-P 
i!      a 

o 
5   u 

I 

M 
•H 

Q> 

L 



50 NACA TW 2831 

<i> 

en 

tf • 
^n 

t-s 

*n 

\ 

'o 

M- 

"} 

is   ^0 1 A OiC\   \ 

^   N°o^^ \ 
^ 

v \  N \ w w  — o> 

H^ 

0) 

.       g 
■P 

II C 
O 

*   9   " I 

<V2 $>. «Ö to ^ V Q 

5 



NACA TN 2831 51 

-!       " 

rf^ 

^ 

^ 

\ 
\ 

\ 

1 \ \ A 

£ 
1——\A 

C>r\r\\\ 
^   ^^^\ 

w < 

<S> 

QQ 

K 

<o 

»o 

^~ 

°o 

«V 

^ & -C3- 

II 

M < 

'S" 

0) 

a 
•H 
-P 
Ö 
o 
o 

I 

•H 

«V2 ■^ 
O 

°0 <o M- <\2 o 

L 4* 



52 NACA TN 2831 

MD 
B 
•H 
-P 
Ö 
O 
o 

u 

P-H 

L 4? 



WACA TN 2831 53 

0) 

•    H 
CO -H 

•P 
II Ö 

O o § 

l+H 

•H 

C ^ 
^ 



5^ NACA TW 2831 

■^ 

o> MJ 

°0 

Ik 1 
\ 

\ 
<q 

\ 

\ 

\ 
■} 

\ \ 
^ 

\ 

\ 
Ci) 

1       ^ eS 

0\ 
• 

^ N   0 

^ 

to 

•H 
•P 
0 
o 
o 

to 
•H 

k <Q ^ ^ °0 ^ Q 

r $• 



NACA TN 2831 55 

<D 

Ö 
CVJ -H 
H -P 

Ö 
II o 

bO 
•H 

^f 



56 NACA TN 2831 

• 

1      \ 

<§ s§ 
1 l 

Ö 

05 

00 

K 

<o 

T> 

M- 

^ 

f\i 

LT\ 

^ § 

Ö 
•H 

O 
o 

a; 

•H 

o 
<o ■o ^t *0 <vi o 

c^ 
fi 



8P NACA TN 2831 57 

\ 

\ 

\ 

\ 

\ 

<n S8 \ 
L \ 

V 
1 \ 

Q> 

1^ 

<o 

T> 

^ 

°^ 

<\2 

o 
OJ 

^ 

H 
O 
Ö o o 
I 

0) 

•H 

O 
*o ^ ^ M O 

L 4* 



58 NACA TN 2831 

"NC\ 5 « 'ooioTi \\\\ 
aci  r^<ö «OG^O  \\\\\ 

\\\\ 

A 
\ w 

CTi 

^ 

K 

<o 

^ 

^ 

°o 

V 

^ -^ w 

3 

-p 
ö 
cd 

•P 
CQ 
Ö 
o 
o 
-p 
03 

CO 
hD 
S3 

o 

S3     . 
cd ir\ 
ft f- 
CQ      • 

o 
fciD 
a  11 
o 

o 
•H 
P> 
cd 
H 

ü 

•H 
O 

O O 

S3 0) 
O H 

' bD 

9 ^9 ^ °°- 
o 

^ Q 

+5 

•H 

-p 
CO 

■H 
« 

CO 

•H 

C 
^ 

§ 



NACA-TN 2831 59 

PO 

N-& 

<U 

g 
■H 
-P 
Ö o 
o 

I 

00 

(1) 

bO 
•H 

£W ,f 



6o MAC A TW 2831 

—,Q 

-d 

H 
•H 
-P 
Ö o o 

00 

■^ 

g 



NACA TN 2831 6l 

§ CMrsOi       \\ 

^ 

o 

00 

K. 

<o 

"o 

^t 

^ 

<V 

Q> 

^ 

m 

T3 

3 
•H 
-P 
c 
o 
o 

I 

CO 

3. 
•H 
P4 

£i a «o <o ^ <M "O 

C. ■4Ü 



62 NACA TN 2831 

p 1 A, 

1 \ 

0 

QO 

K 

<0 

T> 

^ 

°o 

^ 

^ 
^ 

vo a 
•H 
-P 
Ö 
O o 

CO 

bO 
•H 

o 
O 

°0 <0 ^t <\l O 

L 
$2 ^ 

§ 



NACA TN 2831 63 

i> 
2 • a 

CO •H 
-p 

11 
0 

3 0 
1 

<fH 
CO 

•H 

t^ s 



6k NACA TN 2831 

3 
UO 

(U 

O 
•H 
+3 
S 
O 
u 

CO 

bO 
•H 

00 K <b "O ^ *) <VJ 

L s 



9P 
NACA TN 2831 65 

OJ 
H 

<v 
a 

•H 

O o 

00 
a; 
Ö 
bO 

•H 

L 4^ 



66 MC A TN 2831 

\ rVi 
\ 

\ 

\ 

\ 

**j 

\ N 

\ 
l •- 

,           \ 
^-i 

', A 

\ 

11) 

\ 
M- 

\ 
") 

\ 
^Vl 

\ O 

^ 

ti 
<i) 
3 • ö 

in •H 
H £ 

^ 
11 

m 
O 
O 

< 1 

cd 
•H <D 

w 
•H 
fr 

K <o •O ^ ^ ^ o 

k § 



NACA TN 2831 67 

1   1      'A 

CQ \ 

\ 

\ 

i 

« 

\ 

o 

CO   . 

00 

h- 

<o 

Ti 

^ 

<*> 

«VI 

N 

-El 
fl) 
Tt • 2 

0 H 
CJ Ü 

Ö 
II O 

0 

^ S! 1 

00 

•r-D 0) 

•H 

o 
<o T> ^ ^ <M Q 

k ^ 

§ 



68 NACA TN 2831 

Sqj     WM»<c><b 

VD 

OJ 

P 
Ö 
CO 
-p 
CO 
Ö 
o 
u 
-p 
CO 

CO 
bO 
Ö 

•H 
t* 
fH 
O 

0   Ö 
cö PQ 
ft ra 
bod 
Ö O o   • 
H H 

O o 

cö 

Ö 
O 
•H 
-P 
CO 

O 

II 

o 
a o 

•H 
P 
Pi 

,Q 
•H 
U 
P 
CQ 

•H 
P 

ON 

a> 

bO 
•H 
i^4 

5 
•H 

O 
CO 
p 
p 

CO 

o 

bD 
0 
cd 

L 
* 

S 



NACA TN 2831 69 

^ 

-d • (1) 
0 TJ 
OJ 2 

H 
0 0 
-p c 

0 
CO n 

^ 
<r II 1 

W c^ 
<! <u 
 ^ % 
rQ U) 

•H 

t & 

s 



70 NACA TN 2831 

^      -    •&? *      ^ 

-p 
•H 
> 
to 

Ö 

cd 
P 
H 
<u 

o 
<%—t 

Ö 
cd 
ft 
CQ 

to >» 
C P 
O -H 
H    O 
cd   O 

O 
•H 
-P 
cd 

CD 

bO 
C 

3 H 
O H 
h   O 

•H    h 

£ 
cd 
0) 

ß -P 
O   to 

•H 
■P 

& 
•H 
!H 
P 
CQ 

•H « 

O 

k 
<SJ 

f 



NACA TW 2831 71 

OJ 

^ 

cd 
<u 
-p 
03 

■P 
•rt 
> 
ra 
bD 
Ö 

O 
<+n 

Ö • 
cö O 
ft 
M     II 

Ö 
O 

d -0' CO   P 
•H 

ß    > 
O 
•H    >, 
-P   -P 
CO 
H 

Ü 
fH 
•H 
o 

o 
Ö 
o 
•H 
p 

•H 
fH 
-P 

O 
o 
H 

l> 

•H 

C ^ l 



72 MCA TW 2831 

&g 

/*' 
& # 

(/ // 

11 7/ '(l 
1 / 

( ,  

\y \ \\ 

\\ \\ 

\  \ 

1 ^§SS88 

\J) 
\V 
\ yC 

\\\ 

^ 
^ \ 

^ k \ 

^ 

Q> 

^ 

«3 

K 

<o 

*0 

-^ 

°0 

<V 

m 
II 

■H^ 

§ 
•H 

O u 

0 

•H 
[in 

Q> 

<o ^ > <n ^ <^> 

sv 



NACA TN 2831 73 

A 
/ 1/11 y 
/ 1 / 

\ 

V \\\\ 
\ 

\ 

^\\ 

M 

\\ \v 
\\\1 

£   00 

\\ 

1 1 
»JW \ 

v\ 
1 

^ 

^ 1 

Q) 

<5} 

«3 

N- 

<o 

^ 

^h 

<T) 

^ 

^ 

v 
Ö 

•H 
-P 
o 
o 

[XH 

o 
'O ^ •n <M o 



7^ NACA TN 2831 

a; 
0 

•H 
ir\ -p 

0 
11 o 

o 

TJ 

•rH 

L it 



NACA TN 2831 75 

VD 

< 

0) 

Ö 
•H 

O 
o 

H 

•H 

^ 
^ 



76 WACA TN 2831 

N^s 

CO 

CH 

E 
•H 

o 
o 

0 

PH 

L 



NACA TN 2831 77 

£ ■    ' 
rn   lO^Ö^ 

a) 
B 

•H 
-P 
Ö 
O 
o 

H 

u 
bO 

•H 
fin 

C. f 



78 MCA TN 2831 

OJ 

•      N# 

T3 
0) 

a 
•H 
•p 
0 o 
u 

,3 <D 

b0 

c^ 
Q. 



NACA TN 2831 

CN 

79 

• 

°> ^ 
z? 

//, 
7 

If 
/ 1 ^0 

1 

K. 
\ 

<°                            t 
3 

<§  § 
1    1       \ 5 

ir\     -p 
H        0 

0 
. ^-< ic^                          It        0 

.4
 (i
) 

fi
g

u
re
 

1]
 

\ 

\ 

<V} 

\ 

\ 
*\i 

£ 

1£ 

VJ> 



8o KACA TN 2831 

^   § 

<u. 
-d 
H 

o    y 
OJ Ö 

o 
II o 

I 

rH 

bO 
•H 
P4 

^ 

<N 

SI 



IIP 

NACA TN 2831 81 

CO 
CD 

-P 
03 

■p 
•H 

en 
bO 
(3 

CO OJ 
ft • 
CQ   O 

bO  II 
a o << 

c$ o 
•H 
-P 
CO 

•H 

•P 
3 
ü o 
fn O 
•H H 

O 

Ö o 
■H 
-P 

^> 
•H 
!H 
P 
CO 
•rl 
R 

OJ 
H 

(L) 

Ö 
•H 

^ 
^ 



82 WACA TU 2831 

<u 
S3 

•H 
-P 
S3 
O 
o 

OJ 

P-H 

^ 



NACA TN 2831 83 

a 
•H 
•p 
a o o 

OJ 

U 

•H 
1*1 

c 
^ 

■^ 

^ 



81+ NACA TN 2831 

m 

^     § 

a 
•H 

$ o o 

CM 
H 

^ «f 
^ 



NACA TN 2831 85 

•0 

0 
•H 

VD -P 
a 

11       o 
o 

OJ 

ID 

^ 



WACA TW 2831 

<u 
ß 

•H 
CO -P 

ö 
II o 

o 

3   '. 
•—        H 

•H 
P>4 

C 
^ 

f 



NACA TN 2831 87 

3 

3 
•H 
-p 

■a o o 

CJ 

bO 

c 



88 WACA TN 2831 

CVJ 

pq 

a; 
H 

•H 
-P 
Ö 
o 
o 

OJ 

Ä       <1J 



WACA TN 2831 89 

1 _\ \ 

88 
\ 

\ 

\ 

V ̂
 

x 

\ ^ 

Ö 

Q> 

CO 

K 

<Q 

T) 

> 

°0 

M 

\C\ 

^       ^ 

<V 

a 
•H 
-P 
c o 
o 

OJ 
H 

W) 
•H 

sT~~^     sg~""To"""" ft o o 

L f 



90 NACA TN 2831 

■0 

H 
o       o 
cvj a 

o 
o 

J   N*   9    ■ 
OJ 

bß 
•H 

L ^ t 



NACA TN 2831 91 

04 

0) 
p 

CO 

Xi 
-p 
•H 
> 
m w 
a 

•H 
> 
u 
0 

<N • 
Ö O 
a! IA 
Pn • 
a> Ü 

bf) II 
ö 
O r< 
rH 
crt 

A 
S3 p 
O •H 

•H > 
-P 
crt >> 
H P 
3 •H 
ü (J 
^ 0 

•H H 
O (1) 

> 
<H 
0 b(t fi 
S3 •H 
O rH 
•H H 
■P O 
3 U 
," 
•H 
*H 
P 
CQ 

•H 

1 

N. ^o 'O ^ °o V 

ro 

bO 
•H 

k ^ 
^ 



92 WACA TW 2831 

H^ 

<D 

Ö 
•H 

OO -P 
Ö 

II o o 
pq 

ro 

a; u 
bD 

■H 
Ü4 

^ 
Q. 



NACA TN 2831 93 

4 \ 

^ \\ 

\ 

^ 
  

- 
\^ 

V ̂  

\\ 

^ \\ 
N\ 
\\\ V 

\\^ 
^ 

5 too 
1 r 

% 
UJ    N^OiQ \ 

^ 

^ 
\vV 

Ö 

«5 

K 

<o 

"^ 

^ 

°o 

«Vi 

^ 
-^ 

11 
0 
o 
o 

00 

u 
bO 

•rl 

o 
K <0 *0 00 <V Q 

^ & 



9h WACA TW 2831 

""■^ 

1A 

II 

ffl < 

<3i 
z? 

^ 

^ 

■^0 

^ V 3 

\ 

^ 

•H 
-P 
C 

\\ O 
O 

1 

00 
H 

? 

1 ' \\\ 

J.r?N fe 

CQ   ^§ 

\ 

k 
^ 

V '! 

.   , V 
<o ^ N- prj CV Q> 



NACA TN 2831 95 

.. ^j 

\ * 

'\ 

-<T> 

\\ , 

\ 

QQ 

^ \ 
1 

IV 

^ 

^\ 
<o 

5 

\\ 

1 r— V\\ TJ 

'^ 

to,                                  m 

0 
11       0 

0 \ 

^ 00 

Is 

•H 
tin 

N 

" 

. , 
1 

^Q T> M; °0 

Of 

0 
O 



96 WACA TN 2831 

•H 
00 -P 

II 

<VH 

o 
Ü 

•H 



3P 
NACA TN 2831 97 

 ,  ^ 

^ 

-^" 

\ 
\\ 

Gj 

°0 

K 
\ 

\ 
*o 

N \ 

\ 
^ ) 

—vA 

^ 
\ 

\ 
Cl ? 

'S 

1 

C> 

H& 

0) 

a 
O -H 
H  -£ 

II o o 

M 

CO 

P>H 

^ M: ^1 °V o 

^ 



NACA TN 2831 

O 

°> •z.1 

OJ 
r-\ 

II 

pq < 

"5" 

^ X 
\\ 

\ 
\\ 

\ 
,          \\ 

\, 

K 

) 

I   ,    V. 

ß
m

 

.9
0-

 
1.

00
- 

^ ̂ \ 

^ ^ 

\ \ k s 
\ 

^ 
\ 

O 
O 

^ V m 

\ a; 
2 

•H 

\ 
P"4 

\ 
\ 

Y 
\ 

* 
) s 10 

1 |o 5 > 10 ) c 

^ f 



NACA TN 2831 99 

^ 
5^ 



100 WACA TN 2831 

c> 

X 
*OJ 

\ v 
<\J 

1    \ 

B
nr

 

.9
5-

 
1.

00
- 

V 
\ 

*v 

K 

\ <o 

^j 

> 

u; 

<vj 

\ 

\ 

\ 0 

N# 

o 
OJ 

H 
O 
Ö 
o 
o 

H 

a; 

•H 

«U CV4 

« 

^f 



NACA TN 2831 101 

OJ 

crt 
<D 
P 
CO 

Xi 
P 
•H 
> 
m 
W 
Ö 

•H 
!* 
fH 
O 

HH • 
Ö IfN 
oi r— 
P< • 
CQ Ü 

bt) II 
0 
O r< 
H 
crt 

X\ 
Ö P 
O •H 
•H > 
-P 
cd !>> 
H p 
3 •H 
O O 
fn O 

•H H 
O a> 

> 
«in 
n W) 

0 
ö 
0 3 
•H H 
P O 
3 fH 
^ 
•H 
u 
p 
DJ 

-4- 
H 

•H 

k ^ 
^ 



102 NACA TN 2831 

PQ 
< 

B 
•H 
-P 
Ö o 
o 

I 

bO 
•H 



NACA TN 2831 103 

• 

\ \ 

\ 
\ 

\ \ 

\ V 
1 V 

\ 

5 r, 
uj ^g   N 

\ 

^ 

Q> 

^O 

K 

to 

10 

^t- 

°o 

<V 

^ 

<V 

ß 
•H 
-P 
ß 
O 
Ü 

3. 
•H 

K to 
o 

•o ^ r> <v o 

C 
QL. 



101*. NACA TN 2831 

11 

<d 

0) 

ß 
•H 
■P n 
o o 

-=1- 

<D 
U 

bO 
•H 
fin 

c^ 



HP NACA TN 2831 105 

|iO 

(Vt 

* 

Qö 

V ̂
 

K 

\ 
«0 

\ 

^ 
\ 

\ 

^ J 

1 ^ 

Krj 

N 

O 

>, -0^ 
VD 

3 

§ 
•H 
-P 
Ö o 
o 

H 

•H 

■<b ^ N- ^ <\i o 



io6 NACA TN 2831 

^ 

* 

N 

A 

N 
\ 

1X\      <5}Q>        \ 

o 

QO 

K 

<o 

^ 

*0 

<\2 

o 

^b CO 

< 

CH 

T3 

0 

O 
Ü 

0) 

5. 
•H 

<o ^1- <*•> M o 

c 



NACA TN 2831 107 

^ 

\ 

1 

\ 

\ 

\ 
\ 

c> 

CO 

N- 

<o 

«o 

> 

°0 

<v* 

^ 

pp 
< 

w 

3 
•H 
-P 
Ö 
O 
u 

-3- 
H 

0) 

Ö 
(3D 

•H 

o 
T) N- co <\i O 

L 
<*-. 

^ 
^ 



108 NACA TN 2831 

<u 
3 c • •H 

C\J -P 
H Ö 

O 
II O 

3 1 

-=j-* 
H 

,C (U 

^ 
hu 

•rl 
P«4 

k f 



NACA TW 2831 109 

«o M- ^ <v; 

o 

<3} 

CO 

N 

<o 

■o 

> 

<T) 

N*& 

in 
H 

II 

g 
•rl 
-P 
C 
o 
o 

J- 
H 

•H 

p1- 

1Q. 



110 NACA TN 2831 

\ 
\ 
\ 
\ 

\ 

\ 

\ 

5 
1 

^§ 

\ 

\ 

\ 

o 

^ 
^ S}. »O Ö 8 

00 

— N 

<o 

^ 

M" 

^ 

«M 

O 

N 

T) 
(I) 
T) 
3 • H 

O O 
O.I Ö 

Ü 
II O 

-3- 
H 

Q> 



NACA TN 2831 111 

€/ / 
V 

\ 

( N / 
\ 

\ 
\ \ \ 

\ 

\ v        \ 

\ 

\ 
sA 

\N 

x \ 
\ 

^ 
\ \V 
\ N\ \\ 

^  <v 

X ' \ \y 
C*)^ 

\ \ \ \\ 

W \ 

x 
^ 

0) 

^0 

K 

CO 

^ 

^t 

^ 

^ 

>> 
-ti 
cd 
0) 
p 
03 

A 
P 
•H 
> 
CQ 
W 
0   • 

•H   O 
>   O 

U  H 
O    „ 

CH     II 

ß M 
CO   ft 
P< 
CQ 

bQ O • Ö  O 
■^.M          ^° 0   • 
^ H  H 
^             O &    „ P II 

Ö     , 
OJ O ^ 

•H 
II P    _ 

CO   & 

% 
H  P 
3 -H 
Ü   > 
fn   . 

r .. •H   !>s 
CO U P 

V ^ •H 
CH   O 
O  O 

H 
Ö cu 
O   t> 
•H   ._ -P  bp 
3 Ö 

,Q -H 
•H H 
M H p   p 
CQ   ?H 

N <0 ^ > °l «Vj O 
O 

10 
H 

U 

3. 
•H 

Hf 



112 MCA TN 2831 

^ 

< <, \ 

\ \ 
\ 
\x 

\ 

\\ 

\\ N\
N 

\ V 
\ v 

\ 

\\ \ V1 
\. y w\ 

°oo^io p \ \\\ 
\ 

\\ \\\ 

\\\\ 

^ 

1\ 

1 

5> 

<b 

K 

<o 

«D 

^ 

°0 

^ 

Ti 
(1) • Ti 

O 3 
CM H 

O 
O Ö 
-P O 

O 
N<\? 00 

^ II 
\c\ 

3 H 

fi> w 
•H 

<o ^ ^ ^ <\i O 
o 

M_ 

^ 
« 



15P NACA TN 2831 113 

1 

/ / 
/ 

/ y 

r  

/ 

Q) 
»•A 
z? 

/ 

\ \ 

/\ A / -P 

5 
en 

1       I" 
io,K;c\  / 

 *"/ 

K 

•H 
> 

■       ■■J5J   / W 
Ö 

•H 

cd   X 
•P   <v 
H   ft 
0)   cd 

4J 

p
a
n
 
fo
r 

ng
 
a
b
o
u
 

^   ^ 

t>0   CJ 
Ö   -P 

/ ^ 
O   -H 
H    ft 
CD 

bn 

/ 

u
l
a
t
i
o
n
 

y.
 

W
i
n
 

I / 

/ / 
u -H 

•H 0 
0 0 

/ I | 
H 

CH   (L) 
O   > 

/ \ 

i
b
u
t
i
o
n
 

i
t
c
h
i
n
g
 

/ 
-p 

CD ^ 

j 
O   cd 

1  +3 1 VD 
H 

90 50       ^ °0 ^ Q 3» 
•H 

C 
»S> 

CQ 



111+ MCA TR 2831 

I   ^R§i^§§ 

>? <d 
CO 
<D 

-P 
CQ 

A • 
-p X 
•H CD 
> e< cd 
CQ 
W -P 
Ö 2 

•H O 
> rQ 

cd 
fH 
O bi) 

■in a 
•H 

fi Ä 
CO O 
ft -P 
CQ •H 

ft 
bO 

>J                            S EP 
H<&   .  3 •H 

1                  OJ 
Ö 

II       0 • 
•H O 

w     -p 
<        cd II 

H 
3 r<; 

-—-        0 
cd        U 

-—         TH ^ u -p 
•rl 

CH n 
0 

!>> 
Ö -p 
O •H 

•H O 
-P 0 
3 H 

rQ <u 
•H f> 
U 
-P bl) 

CQ fi 
•H •H 
R Ä 

U 
1 -P • •H 

t- ft 
H 

<D 
In 
0 
bO 

•H 
ptH 



NACA TN 2831 ' 115 

I    ^£$S 

<0 

<o 

>o 

^t- 

°-> 

V 

^ ̂      " 

-d 
0) 

ß 
•H 

o 
o 

t— 

•H 

Jo^^i^coco^^^ 
«Ö 

.53- 

«^ 
03 



116 WACA TW 2831 

/ 
/-- 

^ ̂  1 / 

// / 

/ 

/ // 

/ / 

/ / 1 

/ 

/ 
/        / 1 

1 
I 

\ 
1 1 1 

>r> 

\   '\ \   \ 

r^.r> 
1       \ \ 

^    c '    •    \ \ 
CQ    ^ N°qQ>^   V \             ] 

1\W 1 ̂\V \ 

o 

Oi 

^ 

K 

'•O 

^ 

^J- 

■<o 

^ 

>J>e _3- 

n 

pq 
< 

<u 

ö 
•H 

O 
o 

c- 

bD 
■H 
PR 

M ^ 
o 

«Ö <q        ,   ^t- <\1 O 

.,<=*• 

CQ 



NACA TN 2831 117 

H ̂  ^ 

pp 

-d 

0) 

fi 
•H 
-P 
Ö 
o o 

t- 

<D 
u 

•H 

vo- 

00 



118 NACA TW 2831 

H$   3 

g 
•H 

VD -P 
Ö 

II O 

t- 

•H 

c. 



NACA TN 2831 119 

CO 

*>&   § 
<M 

(Ü 

Ö 
•H 

o 
o 

t- 

fe 



120 WACA TN 2831 

•^v> ̂  

// 

/ 

/     ,/ 

// / 

' / 

\\ 
\ \ 

\\ \ 
\   \ A 

\\ 

\\^ \ 

\ 

' s\\ vt\\ 
£5    |^oe><5 w 

e> 

<S} 

°0 

K 

^o 

«o 

^ 

°} 

M 

>> 

s 
•H 
-P 
ß o o 

^    9 

bO 
•H 
P-4 

o 
•o ^ °0 <\2 O 



NACA TN 2831 121 

^ S?    <M 

0) 

s 
•H 
-P 
c o 

II o 

H 

Ö 
bO 

C 



122 NACA TN 2831 

Ö 

<3) 

<b 

IV 

<o 3 a • •H 
ir\ +-> 
H 

0 
11 0 

^ ^     § 
1 

H 
•H <U 1  

W 
•H 
P-H 

> 

^ 
0} 



NACA TW 2831 123 

o 
OJ 

0) 
•xi 

H 
U 
Ö o 
o 

o- 

•i-S 0) 

bO 
•H 
P4 

L 



12h WACA TN 2831 

>? 
TJ 
cd 
D 

-P 
CQ • 
.3   X 
+3  OJ 
•rl   A 
>   cd 

bO-p 
0 3 

•H    O 

!* -9 cd 
u 
O   bO 

CH   Ö 
•H 

Ö   Ä 
cd   u 
ft -P 
CO   -H 

ft 
ÖD 
Ö   bO 
O   0 
H -H • cd Is 

OJ 

^   ■' O    • 
•H ir\ 

ffl -P OJ 
<; cd    • 

H 0 
3 

^—v 0   11 
eö PH     , 

x_^ •H ^ 
0 

£H ,0 
0 -p 

•H 
Ö    > 
O 

•H    >j 
-P  -P 
2   -H 

,Q    O 
•H    O 
U  H 
-P    0) 
CQ   j> 
•rl 
Q   bfl 

ö 
1    -H 
•   Ä 

CO   ü 
H -P 

•H 
01   ft 

bO 
•H 

1<0 



NACA TN 2831 125 

s 
y 

/ 

\ 
\ 

\ 

\ 
\ \ 
\ 

\ 
\\ 

v \V \   * 

8 <§ §R^S 

t^ 1 
\\\ K\ 

«5 

K 

<o 

^ 

N: 

<n 

<M 

^ & 

B 
•H 
-P 
Ö 
o 
o 

00 

WD 

P-4 

"Ö ^ c^ Q> CQ <o > cv <5, 
Qi 

^ 



126 WACA TN 2831 

,^ 

k 



NACA TN 2831 127 

ir\ 

^   3 

0 
ö 

•H 

O o 
I 

CO 

p^ 

c 



128 WACA TN 2831 

■Z.J 

< 

c 

K 

\ \ 

\ '\ \ \ \ 
• 

\ Ti 

, V \ 01 

\\ \ 
ö 

•H 
•P 

\ \ 
0 
O 
O 

\ 
1 

00 

\ 
N\ 

H 

0) 

\ N\\ 

FH 

A 

\ 

■ \ \ ( 
°0 N <o 'o \ "^ M O 

C 



7p NACA TN 2831 129 

r-"" f-'" 

I 
\ 

\ 
\ \ 

\ \ 
v\ 

\ 

\ \ 

\\ 

\ 

1 

« §§§ 

o 

a) 

QO 

N 

<o 

io 

^ 

<T> 

<M 

>> 

•rt 
<l) 
2 
ö • •H 

00 13 
11 O 

pq 
< 1 

00 
s—~s H 
CH 

0) 

M 
•H 

o 
<o «o ^ n> cvj O 

k 
na 



130 NACA TN 2831 

<u 
a 

•H 

o 
u 

H^ §  '. 
CO 
H 

M <1> 

P>H 

C 
CQ 



NACA TN 2831 131 

--—-== 
"" 

— 

1 
\ 

\\ 
\\ 

v\ 
\ \\ 

"*\     \ ... 

<3^ 

\ \ A 

-S> 

<£> 

00 

N 

<o 

^ 

T^ 

^o 

<M 

^ 

Ti 
0) 
3 
0 • •H 

CM •P 
H 

O 
II O 

* 
pq < 

1 

CO 
H 

A (1) 

•H 

o 
■^ ^ ^ <M o 

L 



132 MCA TN 2831 

-d 
(l) 
3 
Ö • •H 

l<\ -P 
H Ö 

O 
II O 

ffl 1 

< ■ 
a) 
H 

•H 0) 

& 
bu 

•H 
M4 

I. 



NACA TN 2831 

r\ 
" ^ 

-q> ■ZJ 

\ A 
\\ 

\  \ ■QQ 

V—r*\ 

h: 

s&i <§ s ) 

.6
 

ud
ed

 

2
0
. 

o
n
cl

 

k!  ^ 

II       ü 

\\ 
CO 
H 

•"-3      <u 

^ 
w 

•H 

\ 
^S 

pq 

^ 
^ 

^ 

■-    ■ 

^ 

• 

<~-  L ; 

y ^ 5 Q  '< ̂  

133 

t. 



13^ WACA TN 2831 

£y 
>^ OJ 

^     ^^> * §R^§ 

crt 
<u 

-P 
OJ 

A +-> • 
•H X 
> tu 

ft 
m crt 
b(' 
a -p 

•H 3 
> 0 

rU 
Sn 01 
O 

<H Wl 
c 

Ö •H 
crt ,3 
ft O 
co -P 

•H 
bi> ft 
S3 
n hi) 
H Ö 
crt •H 

n£ 
s-J 
O 

•H • 
-H O 
crt \(\ 
H • 
3 O 
f) 
SH II 

■H 
Ü << 

CH 
0 A +> 
Ö •H 
O > 

•H 
-P ^ 
3 +J 

r<-> •H 
•H O 
Vl O 

-H H 
OJ 0) 
•H > 
M 

b() 
1 Ö • •H 

ON .3 
H O 

-P 
(1) •H 
IM ft 

PH 

.S* 



NACA TN 2831 135 

<v 
fi 

•H 
00 -p 

c 
II o 

o 

0\ 
H 

bD 
•H 

k 
CQ 



136 KACA TN 2831 

r-Si 

•H 

O 
o 

ON 

C 
CQ 



NACA TN 2831 137 

ir\ 

H^ 2 
-d 

tu 

fi 
•H 

O o 

ON 

•H 
[in 

c. 
el 



138 NACA TN 2831 

II 

<u 
c 

•H 
-P 
Ö o 
o 

I 

ON 
H 

(1) 

5. 
•H 

CQ N. <0 ^ ^t °) "^ 

L 



NACA TN 2831 139 

0) 

c 
CO -P ö 

II o o 
I 

ON 

9 
<M 

pq 

K <o ^ M- °o <\i 



lUO NACA TN 2831 

X) (!) n c • •H 
0 +> 
H Ö 

O 
II O 

PP 1 
< • 

bD 

ON 

•H 

& ^4< 
ICQ 



NACA TN 2831 lUl 

\} X 
\ \\ 

\\ 

\ \\ 

\N 
\ \\ 

^ 
k 

\ \ i 
r 

6 
% 

\ 

• 

^ 

o 

Co 

QO 

N 

<0 

^ 

N- 

<*> 

<v 

^ 

T3 

1 
•H 

OJ -P 
H      a o 

II        o 

o\ 
H 

•H 
P-4 

O 
^ ^h ^o M o 

w s> 



lU2 NACA TN 2831 

<^> 

- Vy 

^J 

^ 
N 

\ 

1   . 

v\ 
* VA 

| Xv CO 

\ 

u> 

X 

r'J 

\1 

\ \ 

  \ r> 

H^ 

LTN 

(U 

g 
-P 
a 
o 
o 

ON 
H 

bO 
•H 

«T> ^~ (Y-) M O 

L 



NACA TN 2831 1^3 

o 
CVJ 

< 

H 
Ü 
a 
o 
o 

ON 
H 

bO 
•H 
P-4 

¥ 



ikh NACA TW 2831 

y. 

^ 
^ 

/ 

/// 

/ ''ll 
I 

// 

1 N^
1 

is    °n 
IX)   ^ ̂ .^   \\ 

m V 

5S> 

<£>, 

CO 

K 

<o 

^ 

^ 

^ 

O 

<\ ^ ^ 
<4 z? 

on
g 

s
p
a
n
 
fo
r 

w
i
n
g
s
 
w
i
t
h
 
s
t
e
a
d
y
 

in
g 
p
i
t
c
h
i
n
g
 
a
b
o
u
t
 
ap
ex
. 

H^ OJ 0   • 
II 0 ir\ 

•H  l>- 

3 
ul
at
 

= 
0.
 

s-—^ 0 
CO U   r< 

re
 
20
.-
 
D
i
s
t
r
i
b
u
t
i
o
n
 
of
 
ci
 

p
i
t
c
h
i
n
g
 v
e
l
o
c
i
t
y
 w
i
t
h
 

<o w «0 ^ Q> 3. 
(34 



IP 
NACA TN 2831 1^5 

PQ 

B 
•rl 
■P a 
o 
o 

o 
OJ 

0) 

I. 
•H 

^q^^OcQ^q^f^i 

^ 



114-6 KACA TN 2831 

^    § 

s c 
•H 

O 

o 
OJ 

<D 
U 

8» 
•H 

^ 56< 

CQ 



NACA TN 2831 lVf 

^-— 

/ / / 
/ 
\ (( 

\ 

\\\ 

\ 

\\\ 

^ \ 

\^\ 

^ 

f= 
°Q Soäq 

\ 

Ci 

Ci 

03 

N 

to 

^ 

> 

°^> 

M 

i 4S 

lf\ 

PP 
< 

nd 

Ö 

O 
o 

OJ 

<L) 

ho 
•H 
[in 

Q> 

«0 <0 ^ <\i o 



li+8 NACA TK 2831 

^ 

q> 

\ °Q 

^ \ 

^ \ [V 

a 
^\ n w 

1 \ 
^ rCl \\ 

^ 
^ 

^ 
^ 

\ 

> 

•} 

N 

\ O 

VD 

'       ^ 

Ö 
•H 

O o 

o 
OJ 

bO 
•H 

°o K <o •O > ^ <VJ 

C. 



NACA TN 2831 1^9 

< 1 
\ k 
\ \ 

^ 
1 1 -^ 1 \ 

\ 
^ l 

^ ̂  \ 

\ 
^ V 

^ fs 

\ ^ 

I 

  \ 

^ 

K 

to 

<o 

^ 

<o 

M 

00 

N^   3 
<H 

o o 

o 
OJ 

<U 
U 

g, 
•H 
[in 

^ <fc <o > °0 \J o 
o 

^ 



150 NACA TN 2831 

=z=****" 

m 

k 
\\ 

\ 
V 

& 

e> ^ 

% 

\ 

Ö 

C5 

00 

N 

<o 

lO 

V 

^> 

^J 

1^    g 1        < 

0) 

•rl 

o o 

o 
OJ 

W        <D 

PK 

^o ^ M: ^2 O 



NACA TN 2831 151 

OJ 
H 

3 
•H 

O 
O 

o 
OJ 

^ 



152 NACA TN 2831 

ö 
•H 

m     -p 
H Ö 

o 
II o 

o 

00 
•H 

L 



20P 
NACA TN 2831 153 

\ 

V 

s §§ ^ s, 

\| 

\ \ 

\ 
" 

\ 
s 

\ 

v 

\ 
\ 
\ 

\ 

<0 

N 

<o 

T> 

^t 

^ 

<VJ 

? £> 
^ R § T> o 8 

o 

H^ 
o 
OJ 

<D 

H 
Ü a o o 

o 
OJ 

<D 

ä 
•H 
pH 

o 



154 NACA TN 2831 

^- ̂  ̂  
^ 

5^-* 

^ 

W' 

// / 

/ / 7 
\ 

7 \ \ \ 

/ 

\ 

\ 

\\ \     \ 

t 

r ^ "o 
~\—V*" 1   \ 

to   \ 

l i 
\ \  \ \1 

£> 

<3> 

to 

K 

to 

^ 

^r 

°o 

^ 

N^ 

& 

to to ^ °o ^t- o 
o 

<U P 
-P   3 
m  O 

P 
Ä   cd 
P 
•H- ÖD 
U   ö 

•H 
CQ ,c! 
bO ü 
Ö P 

•H   -H 
I*    ft 
fn   bO 
O   Ö 

<+H   -H 

ö* 
cö 
PM    • 
CQ   O 
_„ 0 
bO   . • Ö H 

\n O 
H    II 

0 cd 
P _   Ö 

Ö pq 
0.1 O 

•H 
II P      • 

cd 0 
m H O 
< 3     • 

O H 
h  . •H    II 

01 U ^ 
CH 
O 

,3 
Ö P 
O  -H 

•H    |S 
P 
3   !>» 

,£> P 
•H   -H 
fH    O 
P    O 
CQ    rH 

•H     CD 
P     t> 

1    bO 
•   Ö 

H  -H 
C\J  Xi     • 

0 X 
CU  p   (L) 
U  -H   Pt 

s,*05 

l*< 

k. 



NACA TN 2831 155 

0 

^\ 
^V) 

< 

y 

°o 
\ 

N 

(r) 

<0 
- 

\\ 

A M- \  \ 

\V ^ 
N 

\X 
\ \ 

fQ 

,\ \ 
v-VV 

QTiC^ 

Jv_ \ > 

<Mlc 

•<\} 

1 
1O1 

\ \ J 

\ 
■Nt;      w\^^-c\i 

A 
\\ A 
\ \\ 0 

^ 

o 
CM 

I     ^       o 

CO 

II 

& 

CO 

<-{ 
o 
Ö o 
u 

CM 

w 
•H 

K <o ^ ^ "O ^ O 

o£f 

^f 



156 WACA TN 2831 



NACA TW 2831 157 

II 

 7* / 
/        , 

v\\ 

\ 0} 
UN 

z? 
5     V 

V 

to 

1<~N 

§ $iq§   / 
|              / j 

1 I 
I j 

// -d 

/ l 
H 

/ / 1 "       ^ ̂  
U 

'   O 
■ O 

/ 

r 

/ 1 

/ 
/ 

CJ 

/ 
•H 

/ 
l*H 

, / 

l / 

/ 1 / 

/ I 

/ \ 
to °0 to ^t- ^ ^ <VJ ^ 

M 

■^y 

t:' 
CQ 



158 NACA TN 2831 

1 ^~ 

^o 

/ 
w // 

5     ^OOOQOOC 
CQ   ^^icxor^Qoo)^ 

 *r" VI 
M^ 

L 1 

N 1 *- 
/// II 

/// 1 

//// h 
// 

HÖ 

/ 
1 

/ 
k? 

s. 

/ 

") 

' 

c^ 

\ 

/ / 

/ / 
/ 

/ 1 1   1 \  1_  1 0 

H^ 

1 

CO 
1 ■ 

k5 
1 " 1 " r 

o 

-p 
Ö 
cd 

-P 
CQ 
Ö 
O 
Ü 

A 
-P 
•H 
> 

CQ , 
bO 0.1 
fi u, 

•H 
> + 
U H 
O C-. 

<+H 
II 

Ö 
cd t-, 
PH 
CQ 

MO 
Ö 
0 II 
H 

CO ^; 
OJ 

Ö 
II          O ,0 

•H -p 
pq     -p •H 
<        cd > 

H 
3 C 

^—        O O 
cd        fn •rH 
^         -H +> 

O cd 
M 

<+H a; 
O H 

0) 
Ö 0 
0 ü 

•H crt 
-P 
3 H 

,£> cd 
•H 0 
!H •H 

-P -H 
CQ JH 

•H (1) 
P > 

1 

OO 
CM 

<D 
fn 
3 
M 
•H 
F^ 

CQ 
•<3 



KACA TN 2831 159 

1 

// 

fi 

M 
A f 

^     if\^(^.r\pirsor\ A m 
CQ    ^ "St-Tl Oh(Q<3)5   , *>///, 

7/7' ////, 
///./ 

///  -yy-y // 

//// 
//////// 

//, n '/ 

/// 
'/// y 

'//, V// 

/, 
/// / 

//// /// V 
// 

If/} / 

ini 7/ 
Ik // 

o 

<3) 

N 

<o 

*o 

^ 

^ 

M 

H& 

O 

Tt . 
(11 T) 

rrt (1) 
pi Pi 
H Ö 
O •H 
Ö -P 
O c 
0 n 

0 

0.1 
1 

00 
11 OJ 

pq 0 
< fj 

pi 
b() 

s—-^ •H 
to ^ 

Q> °0 <0 X M o 
f r 

^ 



i6o NACA TW 2831 

£:      InrN^^fM-NfA 

DQ   Y- 
■v-Jvo ^ 

l*U/ f/l 
1 

..,,,,      ■   •// f   f    +1 
H 

/1 1 
I 
/ 

/ 

/   f / 

1 / 1 \ 

1 
/ 

' /   

Q> 

0> 

N 

<o 

<o 

^i- 

°0 

<v 

^ en 

ö 
•H 
-P 
a 
o 
o 

OJ 

u 

fe 

Q> 

1' 
K 

1 ' 1 • i- 1 ■ 1' 
<\2 
1' 

o 

■0 



21P NACA TN 2831 l6l 

(!) Ti 
Tf (1) 
3 2 
H a 
() •H 
0 -P 
0 Ö 
0 O 

O 
. 1 

on • 
ro 

II OJ 

§ 0) 

, „ •H 
& |x< 

to. 



l62 NACA TW 2831 

^      J 

0 
pi 

•H 
-P 
S 
o 
o 

on 
CVJ 

D 

pi 
M 
•rl 

Ja- 



KACA TN 2831 163 

-d . 
0) T) 
d (1) 
d Pi 

r-\ Ö 
O •H 
Ö -P 
0 Ö 
0 O 

O 

^ _=j-° 
CO 

II CJ 

pp 0 
< 

k- 
CQ 



l6k NACA TN 2831 

y 

sv 
/ 

•i 

°o 

N; 

<q 

u! 

\\ \ 

\\\ t "*\ T  \ 
"? 

/$?    0 <0   © 

\ N A \ 
\ \ 

V A 
\ A V \ O 

°0 
r 1 • 

O 

lf\ 

I*    9 

<D 

a 
•H 
-p 
Ö 
o 
o 

en 
OJ 

to 
•H 

^1 C." 



NACA TN 2831 I65 

\ 

1 

1  §R^§ jy 
L 

Hi 
///// 

/ 

fill 

1 

o 

h 

<o 

2 
Ö • •H 

*~> VO -^ 

H*£ II O 
O 

^ 3 1 

m 
*-~* CM 

^ 

<M 

(^ 

O 
M Ci M 



166 NACA TN 2831 

^ 

co 

I - 

<Q 

k> 

^ 

^    o<r><~^    i 

k'} 

^ s«o ̂ 5 II 
^ 

0 

co 

1 " 

0 
•H 
-P 
Ö 
o o 

m 
OJ 

bD 
•H 

<V3 O 
r r 

y •0 ^ 



NACA TN 2831 167 

PQ 

w 

0) 

Ö 
•H 
■P c 
o 
o 

on 
OJ 

bO 
•H 

!s ̂  
•« 

t> 



168 NACA TN 2831 

cvi 

<v 
a 

•H 

o o 

OJ 

bO 
•H 
P=4 

«3 



WACA TN 2831 169 

X 
V 
\\ 

1 ,—. 

B
m

 

.6
0

- 
1.

00
- 

A 1 
• 

1 1 
1 

/ 

/ 

/ 

\ 

' 

1 

Ö 

Q> 

«30 

N 

<o 

^> 

^J- 

^ 

M 

N&   H 

pq 

<v 
ö 

•H 

O o 

CM 

bD 
•H 
P>4 

o 
o M 

^ 



170 NACA TN 2831 

OJ 

rd 
0) 

-d 
d 
H 
U 
Ö 
o o 

00 
OJ 

0) 

p"4 



NACA TW 2831 171 

7/ 

ß '// f 

1 y 
 J 

W 

/    I 

1 

\ 
\ 

\ 1 \ r 

Ö 

o> 

CO 

K 

<o 

»o 

^ 

°0 

M 

^ OJ 

a 
0 
0 

^ 
-P 
•H • 
!* «^ 
rn 
Wl + 
0 

•H H 
> U 

*H II 
O 

«in u< 

C 
crt • 
ft IA 
OJ CVJ 

bOO 
Ö 
O II 
H 
a} ^ 
Ö 
O si 
•H -P 
+5 •H 
crt > 
H 
3 Ö 
O O 
fH •H 

•H •P 
Ü CO 

?H 
«M <D 
O H 

(I) 
Ö U 
O O 

•H crt 
-P 
3 H 
r" cd 
•H 0 
h •H 
P +-> ra h 
•H (1) 
« > 

1 P • Ö 
-3- crt 
OJ -P ra 
<u 

1 1 
00 
1' 1' 1 1 

o 
03 

bß 
•H 
P>4 

•0 



172 NACA TN 2831 

a; 
<d 

H 
Ü 
a o 
o 

OJ 

s 
Ö 

•H 

O 
o 

OJ 

00 
•H 

QCVI 



NACA TN 2831 173 

£ ö  8R888 

H c 

■s o 
o 

OJ 

•H 
(in 



174 WACA TN 2831 

<J) Ti 
Ti 0) 
3 3 
H Ö 
0 •H 
n ■P o Ö 
tj 0 u 

on 
1 • 

-3- 
11 OJ 

FQ d) 
< £ 

W) 
•H 

^ l*H 

L: 4* 
03 



MACA TN 2831 175 

^ 

ti 
(1) 
3 
C • •H 

-=* -P 
Ö 

II O 
n 

P4 
< 1 

-=t 
•—- OJ 

•3 



176 KACA TN 2831 

Ti • 
0) T) 
Ti a; 
P> pi 
H ö 
O •H 
c -P 
0 0 
O 0 

0 

. 1 
^t • 

-=J- 
II OJ 

fin 

L: 



WACA TN 2831 177 

\ 
^ )l 

/, 
1/ 

// 1 ^ 

• 
t> 

<q 

üj 

5    poo    //. ^t 

1    —777 

I, 
u? 

■■M 

1 

  r> 

H^ 
lT\ 

-tf 

C 
•H 

O o 

-=1- 
CVJ 

F^ 

<M 
I' I' 

^ 



178 NACA TN 2831 

N 

1 1 
/ f 

1 £§§§ 
1   ^—1 ß 

1 

1 

o 

05 

CO 

N 

<o 

^ 

^J- 

^ 

^ 

VD 

H*        § 

1 
•r\ 

o o 

CVJ 

w 
•H 
P-4 

<\] o <\i <*) 
o 

■(3 



NACA TN 2831 179 

y •0 ^ 
03 



l8o MCA TW 2831 

^ 

Q> 

«q 

K 

I 
<0 

K) 

^ 

r'J 

°s 

I 

1   ' "u 

\ O) 

/ «  

e Joe 
// 

/ 

/ 

h 
/ 

/ 

/ 

1 

/ 

  

o> 

<b 

•o 

^J- 

°-> 

<\i 

r 1' 

o 
o 

o 
H 

^L^    11 

bO 

s 
•H 
•P 
Ö 
O 
O 

-=1- 
OJ 

bD 
•H 

o <\i ^ 

ö C. 
CQ 



NACA TW 2831 l8l 

<B  8 
1 
8 1 

/ 

// 

f ' 

1 

o 

CO 

CO 

N 

<ö 

•O 

^ 

<*> 

M 

H^ 
OJ 

PP 

•H 

O 
o 

-4- 
CM 

0) 

bD 
•H 

o 
o <u °0 

L* 



182 WACA TN 2831 

\T\ 

n3 
a) 

•H 

o o 

-3- 

•H 

to 
^ 

^ 
4f 
CQ 



NACA TN 2831 183 

N^ o 
CJ 

pp 
< 

<L> 

H 
Ü 
a 
o 
o 

-4- 
CM 

0) 

§) 
•H 
Ü4 

^ 
OQ 



181+ MACA TW 2831 

/ 

/ 

A 
1   §R$S8 / \ \ 

ü* \ 
\ 
\ 

[ \ 

V \ 

\ r \   * .  ( 

C2> 

Co 

^0 

N 

<o 

<o 

> 

*n 

«Vf 

H* « 

a 
0 
u 
ä 
-p 
•H • 

■> & 
CQ 
bC + 
Ö 

•H , H 
IS U 

in II 
O 

=H HH 

Ö 
0(5 • 
ft O 
01 UN 

bOO 
C 
O II 
r-\ 

CO r< 
OJ c 

II       0 Ä 
•H -P 

W           -P •H 
<            Cfl t* 

H 
3 Ö 

^          U O 
CO              fH •H 

~-^         -H -P 
Ü ert 

h 
<H <D 
O H 

0) 
Ö O 
O O 

•H crt 
-P 
3 H ^ CO 

•H O 
fH •H 
-P -P 

CQ Vf 
•H (1) 
O > 

1 -P • Ö 
ir\ crt 
OJ •P 

OJ 
<L) 
M 
3 
bO 
•H 
fin 

o 
°0 

r »* r 
o 

^ 
•« 



24P NACA TN 2831 I85 

T3 • 
Tf (1) 
3 3 
H Ö 
O •H 

* 
C 
O 
O 

-P 
Ö 
O 
O 

CVJ 
IfA 

II OJ 

3 
CO fe 

^ 



186 NACA TN 2831 

,/<■ 4 V 
/6 ̂  

\ 

\ 

N\\ 
k \    \ 

\ 

\\ Y 
\\ 
\ \ 
\ > 

£    rs ™i\ 
HJ ^C)ö 

\\ 

\\ \ \ 

r r 1 r r 

Qo 

K 

<o 

*rj 

M- 

°0 

M 

o 

^ 
^ 00 

II o o 
§ 

ir\ 
OJ 

3. 
•H 

r   N 

^ ^ 
•$ 



WACA TW 2831 I87 

• 
T) 0) 
2 3 
H Ö () •H 
Ö -P 
O Ö 
r> O 

0 

CO '. 
lf\ 

11 OJ 

9 
h0 

^ V •H 
,Q 1=4 

^ 

C: 0 



188 NACA TN 2831 

11 

< 

O 
o 

CVJ 

•H 

Lr 



NACA TN 2831 189 

IP 

tJ 

<D 

0 
•H 

o 
o 

IP» 
CM 

•H 

bl L* 1- 



190 MCA TW 2831 

MD 

CD 

ö 

-P 
a 
o o 

OJ 

[*H 

k" 



NACA TN 2831 191 

To 

^ 

Hj 

N 

<o 

\ 

\ 

\ 

K) 

\ \ 

Ci> 

1 §8\ 

<M 

1 ■—\ 

1 \\     . 0. 

r 
M 
I* 

O 

CO 

< 

=H 

c 
•H 
■P 
Ö o u 

CM 

bD 

^f 



192 WACA TN 2831 

5 
<§    §8 

N^ 
pq < 

öD 

B 
•H 

$ 
O 
o 

OJ 

bO 
•H 
fr 



NACA TW 2831 193 

(1) 
3 
C • •H 

Al -P 
H Ö 

O 
II O 

ffl 1 
< • 

U\ 
CVJ 

A <D 
M 

3> 
P<H 

•Ö t: 



19^ NACA TN 2831 

iO 

Co 

8      \ 
«j 

N 

CQ 

iCj 

\ 

n) 

N 

0 

C;     to 
CQ     (35 

i// I 
O 
O 

I 
/ 

/ 

/ 

/ 

o 

CO 

h: 

<Ö 

T> 

^ 

°0 

<V2 

H^ ̂ in 

< 

O o 

ir\ 
OJ 

<D 

•H 
fin 

I- 
Q> O 

O 
M ^ 

I: 
^ •is 

CQ 



NACA TN 2831 195 

(S §8 

\ 

\ 

\ 

\ 
\ 

\ 

0 

Q> 

05 

N 

^o 

•n 

M- 

<o 

<\J 

1 • 1 

CO 
0) 

1 

/ 

/ 

o 

CQ 

N 

CO 

«D 

N- 

°0 

«V2 

^ 

Ti 
(1) 
T) 
3 • H 

0 O 
ai Ü 

O 
11 O 

pq 1 
< • 

UN 
0J 

■n> (U 
— Jn 

o 
CO «U 

•«3 t- 



196 NACA TN 2831 

O 

< 

1ö 

°? z? 
cd 

M 

•P 

c 
0 

/ 

0 

-p 
f •H 

>      • 
OJ 

Or 

bO 
Ö   + 

•H 

0  II 

CO 
P(  • 
CO   Lf\ 

t- 
faO    • 

\\\ Y .H    II 
cd 

Y o\ -p -p 
cd -H 

\ \v rc
u
l 

on
 w

 
)f
 
c
i 

H 

O    O 

3 
r^    H \ \ \ 

a 1 r\ V SH   O 
-P  -H 

CQ   -P 
•H    £H 

f*w<*S \ O    <1J 
> 

1 

\ 
• OJ 

CD w \\\ 
w 
•H 

53 
1 

°0 
1 

<0 
1 1 

0 
P14 

<> 

^ 
■0 



NACA TN 2831 •197 

i) T) 
Ti (i) 
3 3 
H 0 
O •H 
Ö -P 
O Ö 
D n 

0 

(\l 
1 

vci 
II OJ 

pq a) 
< h 

•H 
CO l*H 

^ 



198 MCA TW 2831 

0 

^^** 
n> 

oq 

/ 
V 

K 

\ <o 

\ 

\ v ^ 
^ 

^ 
^ 

5   ^ 
l—^\\ n^ °0 CQ °o;q^.x 

<\2 

^x 

■\ 

^ V 

w O 

N ^ 
00 

pq 
< 

fi> 

0) 
pi 
C 

•H 

O o 

0J 

t>0 

r i ■ r 1' 1 ■             i" 

o 

CQ 

5L. 



NACA TN 2831 199 

(!) TJ 
T) (1) 
3 3 
H Ö 
O •H 
Ö -P 
O Ö 
O O 

U 
. 1 

ro « 
vo 

II OJ 

PQ a) 
<! u 

0 w 
PH 

cr 
^ 1 
£ 
CQ 



200 NACA TN 2831 

S 
^ 

A S 
// 

/ 

1 

\ 
\ 

\ 

\ 
\ 

\ 1       Y\ 

1   §§T^ \ 
\ 
\ v 
\\ 
\\ 

\ 

Q 

O) 

«0 

K 

10 

*o 

> 

"-) 

<M 

r r 1 r 
o 
o 

v 
\ \ 
\ 

\ \\ > 

/ 

/ 
/ 

88 / 

/ 

N 

to 

>r> 

^~ 

°o 

<U 

N3 

II o o 

OJ 

bO 

r        r 

c:: 
CQ 



NACA TN 2831 201 

S* S- 

^ 
\S 

i 
\ 

\ 

\ > 

' 

1 SA 

\ 

Co 

«5 

h: 

<o 

"O 

> 

°0 

M 

0 

\ \ 

\ \ Co 

^ 
■ 

>> °o 
/ 

h 

<Q 

"1 
/ 

/ 

/ 

1 §8 / 
"5 

^7 / N 

Pi 

M; 
ir\ 

-d 

<u 
a 

•H 
■p 
Ö o u 

OJ 

1' 
<*> M Q M 

r 

■ts 
^ 



202 MCA TW 2831 

VD 

PP 
< 

<u 
g. 

•H 
-P 
Ö 
o 
o 

VD 
CJ 

<U 
U 

3. 
•H 

C* «si 



NACA TN 2831 203 

„o 

^        . 
CO 

CM 

T3 

3 
Ö 

•H 

■s o 
o 

OJ 

w 
•H 
P>4 

r  ^ 



20^ NACA TN 2831 

ti 
(1) 
3 
fi • •H 

0 -P 
H Ö 

0 
II 0 

m 1 
< • 

vo 
OJ 

w a; 
u 
3 
bU 

fe 

CQ •Ö ^ 
CQ 



NACA TW 2831 205 

«§    §§ 

r 1" 

01 

io 

V) 

t 
,           1 

1 

/ 
°°. 

/ K 

/ ' 

*o 

k i 

\ 

* 
l'i 

lS! 

c^ 
o <Vl 

H^ 

"1 

OJ 

pq 

Ö 
■H 

o o 

VD 
OJ 

a) 

M 
•H 

k" 
QQ 



206 NACA TN 2831 

^ 

\ 0) \ 

^O 

K 

\ 

\ <q 
\ 

\ 
^ 

1 

\ 

\ M; 

\ 

\ 1 
\ 

\ 
^ 

* 

c^> 
°0 r 1' 

Q> 

• H^ 
ip\ 

pq 

s 
Ö 

•H 
-P 
Ö 
O o 

OJ 

fin 

•Ö ^ 



NACA TN 2831 207 

i 

«0 

1 SS / 
K 

1 ■-/ 
<o 

^) 

> 

"> 

rw 

* 

  1 ^ 

^ r^ 

(!) 
Ti 
2 • H 

0 a 
<M c 

0 
II 0 

ffl 1 
< • 

UJ 
c\j 

•n> a; 
u w 

•H 
^ 

Q> M 

P^ 

^ 
•Ö C: 

CQ 



208 NACA TN 2831 

1 

-^ 
0» 

■<^€ 
<^ 

//// Q) 

/ 

°Q 
// \ 

/ '   \ \ \ 
K 

\ <q 

Irx J. 

^. 

^ 
\ 

\ <\J 
\ 

en   _ 

• 

1 r \ ^ 
^       ^VT') N^^VÜ          \ 

\ 
\ 

\ 

\ ^ \     \ \ O 

^ 

MD 

O 
-P 

OJ 

pq < 

CO 
-p 

CQ 
Ö 
o 
o 

-p 
•H 

o 
tQ  O w   • 
Ö  rH 

•H 
>    II 

65 
Ö • 
cö O 
p<o 
CQ      . 

rH 
W 
a 11 o 
H r<e 

CO 

Ö Ä 
O -P 

■s * CO 
rH     Ö 
2 o 
O -H 
U -P 

■H   Cd o u 
<u 

<+H   rH 
O   <D 

Ö O 
O cd 
•H 
-P H 
2 cd 

£> o 
•H -H 
r) -P 

-P U 
CQ (1) 

£> 

OJ 

o 
rH 

bO 

00 <o ^ 
r 

o 

l\J 

CQ 



27P NACA TW 2831 209 

Q) '^ 

^ 

0) 
Ti • 
3 -d 
H a> 
O 3 
Ö c 
O •H 
D -P 

Ö 
O 

VO 
O 

O 
1 

-P 1^- 
CVJ 

(VI 
<D 

II S w b() 
<; •H 

[^ 

t; 



210 NACA TN 2831 

•      H$     $ 

Tj 
<1) 

■   % 3 
0 Ö 
(V •H 

+J 
n Ö 

•P Ü 
u 

00 

11 
1— 

W CVJ 
< 

ID 
^_^ a 
^3 bu 

•H 
pH 

fc 

[3 



NACA TN 2831 211 

(!) 
Ti 
1 ■ 

H X) 
O (1) 
Ö Tl 
O 3 
O H () 

C • O 
0 O 
(AJ 

0 , 
+> r- 

OJ 

a; 
II ^ 

pq 3. 
<: •H 

1^ 

Si" 

^f 



212 NACA TN 2831 

r 
V«! 

(a) Variation with Mach number.    A = k; A = 51-5°;   X = 0.25. 

1.4 r- 

i.a 

1.0 

r 
.8 

t/oc% .6 

.4 

.2 

0 

(h) Variation with aspect ratio. M 1.8; A = 60°; X  = 0.50. 

Figure 28.- Some illustrative variations of distribution of circulation 
along span with Mach number, aspect ratio, sweepback, and taper ratio 
for wings at a constant angle of attack. 



NACA TN 2831 213 

JI--45 

r 
WE 

(c)  Variation with sweepback.    A = 2;  M = l.lkUj   X = 0.25- 

r 

(d) Variation with taper ratio. A = 2; M = 1.8; A = 60°. 

Figure 28.- Concluded. 
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b/a 

.8 ID 

(a) Variation with Mach number. A = h;  A =  51.5°; A. = 0.25. 

rffl 

b/a 
(b) Variation with aspect ratio. M = 1.8} A = 60°;   X  = 0.50. 

Figure 29.- Some illustrative variations of distribution of circulation 
along span with Mach number, aspect ratio, sweepback, and taper ratio 
for wings having steady rolling velocity. 
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r 
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(c) Variation with sweepback. A = 2;  M = l.^l^j X  = 0.25. 

r 
Pi m 

(d) Variation with taper ratio. A = 2j M 

Figure 29.- Concluded. 

1.8; A = 60°. 
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r 
7(If 

b/2 

(a) Variation with Mach number.    A = h; A = 51-5°;   X. = O.25. 

r 
't>\* v® 

-4 

(b) Variation with aspect ratio. M = 1.8} A = 60  ;   X =  0.50. 

Figure 30.- Some illustrative variations of distribution of circulation 
along span with Mach number, aspect ratio, sweepback, and taper ratio 
for wings having steady pitching velocity.  Static margin, 0.05c'. 
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(c) Variation with sweepback. A = 2;  M = lAlU; X. = 0.25. 

(d) Variation with taper ratio. A = 2; M = 1.8} A = 60°. 

Figure 30.- Concluded. 
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(a) Variation with Mach number. A = k;  A = 51.5°j X = 0.25. 

.<? t- 

r 
r(b\a af 

-.2 - 

(b) Variation with aspect ratio. M = 1.8; A= 60°;   X =  0.50. 

Figure 31.- Some illustrative variations of distribution of circulation 
along span with Mach number, aspect ratio, sweepback, and taper ratio 
for wings with constant vertical acceleration. 
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r~i 

CO 

(c) Variation with sweepback.    A = 2j M = l.UlU;   \ = 0.25. 

r 
*@t 

(d) Variation with taper ratio. A = 2j M 

Figure 31-- Concluded. 

1.8} A = 60°. 
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Xsmr.l4JC 

(a) M = 1.25; A = h; A = 51-5°; A. = 0.25. 

Figure 32.- Some illustrative variations of distribution of circulation 
along span with axis-of-pitch location for wings with constant 
pitching velocity. 
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1 2 

(b)  M = 1.8j A = 2} A= 60°j X = 0.50. 

Figure 32.- Concluded. 

NACA-Langley - 12-2-52 - 1000 
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